in the region will be exacerbated by and feed into climate change (IPCC 2013) . Changes in both temperature and precipitation levels and patterns of occurrence are key factors in the assessments of likely effects of climate change on Andean agriculture. It is thus critical to analyze the expected behavior of these components of regional climate systems in order to evaluate the potential impacts of climate change on the potato crop and the biodiversity of potato in the region. It is also important for the identification of suitable adaptation measures that would contribute to the resilience and productivity of potatobased farming systems in the Andean region (Rolando et al. 2017) .
Responses of the potato crop to Climate Changes in the Andes

Interactive effects of increased atmospheric CO2, high temperature and water restriction
An important question to solve is how atmospheric CO 2 increases will affect potato responses under different drought scenarios (Finnan et al. 2005) . Some studies assessing CO 2 increase through free-air CO 2 enrichment systems (FACE) have reported a tuber yield increase in potatoes under no water restriction (Finnan et al. 2005; Kimball 2016 ). The analysis of the interaction between CO 2 increase and warmer temperatures is still an on-going research topic in field crops under FACE systems (Kimball 2016) . At present, only modeling is providing some clues about their combined effect on potato growth and development. Thus, in India, Singh et al. (2013) reported that elevated CO 2 (550 ppm) produced a beneficial effect in tuber yield (+11.1%) up to a temperature increase of +1°C but when the temperature increment reached a threshold of +3°C the elevated CO 2 caused a reduction of 13.7 % in tuber yield. On the other hand, Fleisher et al. (2016) pointed out that temperature is a more important source of uncertainty in potato crop models than CO 2 and water. In this case, the median ensemble from nine potato growth models used to simulate a pessimistic climate scenario (with upper limits of 720 ppm of CO 2 , +9°C of temperature increase and -30% of water decline from baseline) showed a dramatic tuber yield reduction. More experimental evidence is necessary to understand the effect of CO 2 increase on tuber yield under water restriction scenarios and mainly under warm temperature conditions, and to determine the threshold of severity in those stresses at which the interaction turns magnitude and frequency of the incidence of pests and diseases, the review also discusses the current knowledge of the dynamics of vectors in the Andean region as they respond to climate change. The use of modeling techniques to describe changes in the range expansion and number of insect pest generations per year, as affected by increases in temperature, is also presented. Finally, the review deals with the use of crop modeling to analyze the likely impact of projected climate scenarios on potato yield and tuber initiation.
Climate change in the Andes
The Andes are the largest and highest mountain range in the tropics and their land mass, glaciers and altitude modify the atmospheric circulation and the climate of the region (Vuille et al. 2008a; Rabatel et al. 2013) . The Andean region is very sensitive to the significant warming evidenced in recent years (Schauwecker et al. 2014; Vuille et al. 2015) that is affecting the hydrology, land uses and the agro-ecosystems of the region. The average warming of the Andes between 1939 and 2006 was around 0.7 o C (Vuille et al. 2008a ) with variations conditioned by altitude and slopes (Vuille et al. 2003) . Warming trends are higher at high altitudes reaching values of over 0.3°C. decade -1 , in spite of a cooling due to a recent hiatus in warming, affecting mainly the coastal areas (Vuille et al. 2015) . This situation differs from other mountain ranges in other latitudes such as the European Alps and Tibet. The warming trend is projected to continue in the coming decades (Thibeault et al. 2010 ), but with differences as functions of geographic position and altitude are yet to be clearly determined.
In contrast to the warming characteristics, there is no clear pattern of decreasing, or increasing, precipitation in the region (Haylock et al. 2006; Morin 2011) . One limiting factor for a better understanding of precipitation trends in such complex terrain is the low density of meteorological stations with reliable records for at least 30 years. To solve this limitation, modeling techniques based on mathematical downscaling of precipitation signals (Duffaut et al. 2017 ) and the use of remote sensing products (Mohr et al. 2014 ) have been tested. Uncertainty in precipitation patterns is recurrent in projected climate change scenarios and decreased levels of seasonal precipitation but more intense events are expected during the austral summer (Thibeault et al. 2011) . Significant events such as the South American Monsoon (Carvalho et al. 2012) and El Niño Southern Oscilation (Garreaud et al. 2003; Vuille et al. 2008b ) that regulate the precipitation 2015) and, ii) the reduced accumulation of compounds synthesized during water restriction, with a potentially positive effect on tuber quality (Yang et al. 2015) . Although the CO 2 increase alleviated the effects of water restriction in the above two cases, it is still necessary to test the effect of more severe drought which in other crops was not counteracted by the beneficial effect of CO 2 increase (Sicher and Barnaby 2012) .
Responses of potato diseases
Besides the direct effects on the ontogeny and physiology of the crop, climate change is also expected to impact on life cycles of crop's pathogens. As stated by Kapsa (2008) , variations in climate regimes might change: 1) the physiology of pathogen/insects and host plants; 2) the host plant resistance to infection/infestation; 3) the critical temperature and related infection thresholds, affecting the forecasting of pathogen occurrences, the efficacy of plant protection and yield ranges. In general, higher temperatures in areas located in higher latitudes will lead to longer growing seasons and higher yields, but also an increase on pest and pathogen pressure, as a result of more sources of initial inoculum (e.g. infected tubers that survive winter), more vector activity, higher multiplication rates, and more generations per season (Haverkort and Verhagen 2008) .
Major climate change factors likely to influence plant disease severity and spread include elevated CO 2 , heavy and unseasonal rains, higher humidity, drought, cyclones and hurricanes, and elevated temperature (Luck et al. 2011) . Potato late blight (Phytophthora infestans) will still be a major concern for potato production (Kapsa 2008; Haverkort and Verhagen 2008) . However, due to regional variation, the overall global effect of climate change on late blight is not clear (Sparks et al. 2014) , The impact at high altitudes is expected to range from areas where late blight is becoming a problem, such as the high Andes (Perez et al., 2010; Perez et al., 2016) , to areas where it is forecasted to be less severe, such as the Southeast Asian Highlands of Indonesia. Where late blight is to increase, the infection potential might become greater due to genetic changes in pathogen population and higher infection pressure. In addition, late blight might occur earlier in the season due to additional sources of inoculum in the soil -e.g. infected tubers from volunteer potato plants -and/or oospores surviving in soil at low temperature. On the other hand, elevated CO 2 might activate defense response mechanisms such as pathogenesis related proteins e.g. B-1,3, glucanase and osmotin (Plessl et al. 2007 ).
harmful. That evidence is important not only to improve the simulations, but also to understand how acclimation or phenotypic plasticity will influence the resilience of the potato crop under climate change scenarios.
Drought effects on crops depend on developmental or phenological timing, duration and intensity of water restriction (Jefferies 1995) . The variation in these three factors and their combination will condition the response of the plant to drought. Knowledge of the physiological responses is important for the selection of plant traits that help the crop to cope with water shortages (Tardieu 2012) . Thus, the breeding of potato varieties able to positively respond to water shortages and to water management for improving yield and crop quality is based on the knowledge and understanding of plant and crop physiology (Medici et al. 2014) . For instance, tuber formation in potatoes has been described as a response to foliar stress (Burton 1981) an effect that implies that some level of water restriction is necessary to induce tuberization. This assertion is supported by the fact that there is foliage cover reduction, caused by induced water restriction, increases tuber yield per unit water volume as a consequence of reduced transpiration and a concomitant maintenance in carbon assimilation associated with the canopy´s reduced selfshading (Shahnazari et al. 2007 ). It has also been reported that early mild water restriction during crop growth and development can enhance water stress resistance and tuber yield (Xu et al. 2011; Yactayo et al. 2013 ). Transgenerational water stress memory imprinting in potato (i.e. water stress resistance carried out by tuber seeds to the following crop) has been observed (Ramírez et al. 2015) . On the other hand, severe water restriction can negatively affect tuber yield if it occurs just before or during tuber initiation (Monneveux et al. 2013) or bulking (Vanloon 1981) . In a study of different water restriction and CO 2 levels including early developmental timing, long duration and different water restriction intensities (90, 75, 50, 25 and 10 % reduction of daily irrigation), Fleisher et al. (2008 Fleisher et al. ( a, 2008b observed that an increase of CO 2 (740 ppm) counteracted water deficit through enhanced carbon allocation to tubers, increasing yield and water use efficiency (WUE). In another drought scenario, Fleisher et al. (2013) found that 800 ppm CO 2 increased tuber yield and WUE under water restriction, brought about by suspending irrigation for 11 to 16 days at early and early + late developmental stages, affected plant water potential from -1.1 to -1.65 MPa. Results suggested that CO 2 increase at the cellular level counteracted water restriction by: i) the reduction in the production of proline, a compound involved in osmotic regulation leading to water conservation by stomatal closure (Barnaby et al. countries are highly susceptible to pest infestations due to often year-round favorable climatic conditions for pest population growth and host plant availability. Even smaller changes in temperature predicted for tropical regions compared to temperate regions will have stronger consequences on pest development due to already higher existing metabolism rates of organisms such as insects (Dillon et al. 2010; Govindasamy et al. 2003) .
Besides direct effects of temperature on pests, temperature will also affect the crop phenology and modifications can lead to possible changes in plantinsect interactions and to new risks of pest infestations (Chakraborty and Newton 2011) . Elevated CO 2 levels have been shown to affect the crop defense systems leading to an increased vulnerability to insect pests (Van Asch et al. 2007 ). Increases in the frequency of extremes events (temperature, precipitations, etc.) as well as differences in the sensitivity of higher tropical levels to climatic variability can disrupt the synchrony between the growth, development and reproduction of biological control agents and their hosts (pests), leading to interferences of both natural and implemented biological control processes (Voigt et al. 2003) . Further, changes in the rate and intensity of extreme climatic events will perturb ecosystems and increase their vulnerability to invasions through provision of new opportunities for dispersal and growth of insect species (Masters and Norgrove 2010) . Long-term drought may also lead to reduced crop growth and health thereby increasing their susceptibility to insect pests (Magan et al. 2011) .
In the Andean highlands, potato production is severely constrained by Andean potato weevils especially of species of the genus Premnotrypes. P. suturicallus (Kuschel) occurs in central Peru, P. vorax (Hustache) in northern Peru, Ecuador, Colombia and Venezuela, and P. latithorax (Pierce) in southern Peru and Bolivia (Alcazar and Cisneros 1999) . Andean potato weevils occur between 2,800 to 4,700 m.a.s.l. and represent the only major biotic insect pest problem at altitudes above 3,800 m.a.s.l. In inter Andean valleys, other important pests are the potato tuber moth, Phthorimaea operculella (Zeller) and the Andean potato tuber moth, Symmetrischema tangolias (Gyen.), among other minor species . All species are native to this region. P. operculella has become a very important invasive pest globally at much greater proportions than S. tangolias. The Guatemalan potato tuber moth, Tecia solanivora (Polvolny), has invaded the Andean region in Venezuela, Colombia and Ecuador, but has not yet been reported from Peru (Kroschel and Schaub 2012) . The leafminer fly, Liriomyza huidobrensis (Blanchard), can be a serious potato pest in The synchronization of high humidity and/or high temperature with pathogen-host plant features may enable the presence of other fungus (e.g. early blight caused by Alternaria solani, black dot caused by Colletotrichum coccodes) and bacterial diseases (e.g. Pectobacterium chrysanthemi, Ralstonia solanacearum) especially important for seed production (Kapsa 2008; and Haverkort and Verhagen 2008) . In Ontario, Boland et al. (2004) anticipated that canker (Rhizoctonia solani), early blight, late blight, pink rot (Phytophthora erythroseptica), blackleg (Pectobacterium spp. and Dickeya spp.), and ring rot (Clavibacter michiganensis) would reduce as a result of climate change, while wilt (Verticillium spp.), common scab (Streptomyces scabies), and potato leafroll virus (PLRV) would increase. In South Africa, van der Waals et al. (2013) predicted that soft rot and blackleg, root-knot nematodes (Meloidogyne javanica and M. incognita) and potato virus Y (PVY) and PLRV will increase in all areas and seasons; early blight and brown spot (Alternaria alternata) are likely to increase or will remain unchanged, depending on the region and season; and late blight will decrease in most of the cropping systems modelled. Specific studies such as those from Boland et al. (2004) and van der Waals et al. (2013) help to allocate resources for research on key diseases that will likely increase in importance as a result of climate change.
New tools and methods are being sought and indeed scientists are already improving their skills through advances in technologies for high-throughput analysis of gene expression, experimental data to begin synthesizing the effects of climate variables on infection rates, models of plant diseases (Newbery et al. 2016) , and scaling tools at ecosystems levels (Garret et al. 2006) . Notwithstanding, with the current level of knowledge it is not feasible to estimate expected outcomes of host-pathogens interactions under different temperature, humidity and CO 2 combinations. Moreover, the difficulty increases when the impact assessment must be conducted at different spatial scales.
Responses of potatoes to insect pests
Insects are poikilothermic organisms whose development depends on the temperature to which they are exposed in the environment. Hence, it is expected that agricultural insect pests of potato will respond to climate change by expanding their geographical range of distribution and by increasing population densities in the Andean region which will lead to greater crop and post-harvest losses . Potato production systems of tropical species and landraces. Models capable of simulating the expected behavior of a wide genetic diversity under variable climate are needed to better assess adaptation options for future climates. International Potato Center (CIP) and partners have developed the Solanum model (Raymundo et al. 2014; Quiroz et al. 2017; Raymundo et al. 2017 , among others) suited with crop growth parameters for Andean potato species such as S. juzepckzuki -known as bitter potatoes, S. ajanhuiri, S. tuberosum subspecies andigenum and tuberosum and their hybrids. This model was used to assess the response of different varieties and landraces to variation in climatic conditions in the Andes.
Under good husbandry in experimental conditions, Andean varieties and hybrids used in the region produced fresh yields above 45 Mg.ha -1 under rain-fed conditions (Condori et al. 2010 , Condori et al. 2014 . When field capacity conditions are simulated, tuber yields increase (Figure 1 ). High yielding varieties tended to also be precocious and fast-bulking. High values of maximum canopy cover (MCC) -associated with higher light interception -were highly correlated to yields in the high Andes, whereas relative low MCC values were explained by temperatures below optimal range (Condori et al. 2010 , Condori et al. 2014 ). The warming trend reported for the western slope of the Andes (described in Section 2) seems to have a direct effect on the different taxa cultivated in the region. Simulations using growth parameters for 10 different taxa (including S. juzepczukii, S. tuberosum ssp. andigenum, S. phureja, and S. acaule) with climate data for three altitudes (3,200, 3,920, and 4,250 m.a.s.l.) for over 40 years, showed that at lower and middle altitudes there is a steady decline in potential productivity -associated with the warming trend -for all varieties modeled. Potential productivity increased with altitude, as temperature becomes more appropriate for non-bitter potato production. The highest location has traditionally been considered as non-suitable for potato varieties but the model showed that under current temperatures the bitter tuber producing species S. juzepczukii can be cultivated, a fact that can be verified in some farmers' fields in Central Peru (de Haan et al. 2010) The simulated responses of S. tuberosum ssp. tuberosum to changes in CO 2 levels (360, 450, 540, 630, 720 ppm), temperature (-3, 0, 3, 6 , and 9 o C below/above baseline 24-h maximum/minimum air temperatures) and water availability (-30%, 0, +30% decreases/increases in daily precipitation from baseline) were reported by Fleisher et al. (2016) . The analysis for the Andes was conducted for the conditions of Chinoli, Bolivia, at a latitude of -19.63, longitude -65.37 and altitude of 3450 m.a.s.l.. The mean temperature was 16 o C and the cumulated precipitation the highlands of Ecuador. It also occurs in the highlands of Peru but under these conditions it hardly affects potatoes. In contrast, it is the major pest in Peruvian coastal potato production regions, at altitudes below 500 m (Mujica 2016) . Potato pests have different optimum temperature ranges for development and reproduction Mujica 2016; Sporleder et al. 2016) . A rise in temperature due to climate change may therefore either increase or decrease pest development rates and related crop damages depending on the pest species optimum temperature range. We used pest phenology modeling and Geographic Information Systems (GIS) risk mapping tools for some of the species to better understand potential changes in future pest abundance and infestation in the Andean region (see section 4.3).
Modeling the impact of climatic variations in the Andes
To assess the potential consequences of climate change, modeling tools are used to upscale results from experimental field research to regions (landscape, countries, continents, and global). In most cases a potato growth model is fed with present and predicted climate data and results of the models are compared (Olesen and Bindi 2002; Hijmans 2003) . Multiple years baseline and variations (above and below the baseline) in CO 2 , temperature and rainfall that represent the range of potential 21 st century climate changes are used for simulation runs in model inter-comparison studies (Rosenzweig et al. 2013; Fleisher et al. 2016 ). The following sections discuss the work in which models were fed with either present or predicted future climate data or with multiple year baseline and variations data to model both direct and indirect effects of climate variations on potato cropping in the Andes.
Modeling potato yields to assess the likely effect of changes in temperature, atmospheric CO2 levels and water availability
Most potato growth models are limited to growth analyses conducted for S. tuberosum ssp. tuberosum. However, in the Andes, a region where farmers face uncertain climate every cropping season, the genetic diversity is wide. Farmers cope with constant droughts, frosts, hailstorms or excess rainfall by planting an assortment of potato concentrations could not be included, since the response of these varieties to enriched CO 2 environments is not as well understood as for S. tuberosum ssp. tuberosum. No significant relative deviations from the S. tuberosum ssp. tuberosum was found either for changes in precipitation or for temperature. The response to temperature ( Using the median of simulated responses of nine models over 30 years and varying levels of the three climatic factors it was shown that dry tuber yield in a S. ssp. tuberosum cv. Desiree could be incremented to about 10% per 100 ppm of CO 2 increased. On the other hand, warming scenarios showed a 4% decrease in dry yield per o C incremented. Reduction in 30% of baseline rainfall reduced yield by 4.9% whereas a 30% increment in rainfall augmented yield in 2.5% over the baseline scenario. Overall, higher temperatures tended to offset the CO 2 rising effect and increments in rainfall seemed to have a positive effect in rain-fed areas. This analysis was expanded to native varieties cultivated in the high Andes but using only the Solanum model. The impact of higher CO 2 increase until the year 2020, and then decrease after 2050, mainly due to a shift in the growing season (from June to May in the Northern Hemisphere) to avoid high temperatures, or because the temperature will be higher than the optimal for P. infestans infection (Sparks et al., 2014) . At the ecosystem level, there were major differences, from a large increase in risk in the Lake Kivu and Andean Highlands, to a decreased risk in the Southeast Asian Highlands. As pointed out by Shakya et al. (2015) , the model developed by Sparks et al. (2014) did not consider diurnal temperature amplitudes, a factor that could affect late blight epidemics, and therefore should be taken into account in the next versions of the model. Concurrent increments in temperature and relative humidity pose interesting challenges for potato production. On the one hand, higher temperatures in cool highlands might be positive for production, but the likely proliferation of pests and diseases might suppress the potentially positive effect of warming temperatures. For example, as predicted by Giraldo et al. (2010) and Sparks et al. (2011) , late blight is becoming an important threat in highland production areas. Farmers have traditionally used highlands as a late blight-free area, planting more susceptible potato varieties because of low temperatures inhibiting the disease. These low temperature areas will certainly occur at even higher altitudes under global warming, but could force farmers to go into more fragile ecosystems, such as paramo and puna lands in the Andes, with direct impact on soil organic carbon reservoirs (Segnini et al. 2010 , Segnini et al. 2011 ).
Modeling the range expansion and impact of potato pests under current and future projected climates
Phenology models are important analytical tools for predicting, evaluating and understanding pest's population dynamics in agroecosystems under a variety of environmental conditions. CIP developed the Insect Life Cycle Modeling (ILCYM) software suitable to develop phenology models of insect pests based on experimentally assessed temperature-dependent life-table data, to map its risks using three indices (Establishment Risk Index, ERI; Generation Index, GI; and Activity Index, AI) on global and regional scales under current and future predicted climate change scenarios (Sporleder et al. 2014; Sporleder et al. 2013) . Recently, the software has been used to develop a "Pest Risk Atlas for Africa' for a wide range of pest species in different important crops including potatoes . 1) with rates varying from 1.3 to 1.9 days o C -1 and the most affected species was the tuberosum x andigenum hybrid. Condori et al., 2010 found that the average thermal time at tuber initiation for tuberosum x andigenum hybrids was 530 o C-days whereas for andigeum and tuberosum, they were 453 and 259 o C-day, respectively. Bulking rates reduction (data not shown) ranged from 2.6 to 3.1 kg. o C -1 , with S. ajanhuiri being the most affected species. It is worth mentioning that for scenarios where temperatures were below the 30-years baseline -those in the region represent by planting at higher altitudes -% dry yield changes per o C were 11, -6, +7 and +3, for S. tuberosum ssp. tuberosum, tuberosum x andigenum hybrid, S. ajanhuiri and S. tuberosum ssp. andigenum, respectively. That is, in terms of yield, the current strategy to plant native varieties in higher grounds seems to be an option, since both S. tuberosum ssp. andigenum and S. ajanhuiri will benefit from cooler environments. In Central Peru, de Haan et al. (2010) showed that the highest level of infraspecific diversity for native-bitter cultivars -with 4.1 cultivars per field -were concentrated between 4050 and 4150 m.a.s.l. This will not be the case -in the short-to-medium-term for S. tuberosum ssp. tuberosum and its hybrid tuberosum x andigenum.
Modeling the spread and impact of late blight under contemporary and projected climate
Geo-spatial modeling of late blight began over a decade ago when Hijmans et al. (2000) incorporated two disease forecasting models in a GIS. This produced a disease risk map in which potential risk was estimated by the number of fungicide sprays needed for disease management. In fact, this variable has been useful to researchers at CIP as it is easily converted to economic value, thus facilitating ex ante impact assessments (Forbes and Lizarraga 2010) . The forecasting models also produce outputs for resistant and susceptible potato varieties, allowing general evaluations of the value of host resistance across a region. Sparks et al. (2011) developed a meta-model of the previous approach using general additive models. The new model uses input data of lower temporal resolution (daily and even monthly), which has greatly facilitated risk and impact assessment. This model was used for future risk assessments for the Andean Highlands, IndoGangetic Plain and Himalayan Highlands, Southeast Asian Highlands, Ethiopian Highlands, and Lake Kivu Highlands in Sub-Saharan Africa (Sparks et al. 2014 ). On average, it was found that late blight risk is likely to per year (from 6-9 to 9-12 generations/year) and of its potential population growth (Mujica 2016) .
Also, S. tangolias (Sporleder et al. 2016 ) is likely to expand its range with higher abundance into higher altitudes of the Andean region. A range expansion of T. solanivora (Schaub et al. 2016) into mountainous regions of the Andes of Peru and Bolivia is very likely and must be considered in the risk management of this species . Both species are further expected to expand their range into temperate production regions of the northern and southern hemisphere. Temperaturedependent phenology models for Andean potato weevils are under development. With warmer temperatures in the Andean region we expect an upward move of this species which is well adapted to cooler climates.
Conclusions
On-going changes in the climate is bringing about a significant variation in the environmental conditions of the Andean region. There is already an observed warming trend, highly dependent on geography and altitude, and an as yet not clear long-term pattern of changes in the seasonal and inter-annual rainfall distribution and total precipitation. In spite of prevalent uncertainties, there is evidence that farmers are responding to climate change by an up-ward movement of potato cropping areas into high altitude natural rangelands. One of the main reasons for this encroachment of potato cultivation into high altitude areas is the increased population and rate of vectors, pest and diseases that appear to be occurring at lower altitudes. An unintended consequence of the conversion of native pastures into cropping areas could potentially be the reduction of C sequestration and an increment of C release into the atmosphere. This is a topic under current research in the region. Significant progress in the assessment of climate change effects on potato cultivation in the high Andean region is being achieved with the aid of modeling tools which allow the simulation of potato growth and development based on growth parameters that have been experimentally defined for different potato species, subspecies and varieties. Modeling is also instrumental in the analysis of the responses of potatoes to changes in CO 2 levels, temperature and rainfall and of the impact of these factors on physiological yield determinants like tuber initiation and tuber bulking. Furthermore, modeling tools are contributing to yield gap analysis under different current and anticipated environmental conditions. On the other hand, geo-spatial modeling considerably helped to (1) figure out the spread The range expansion and damage potential of P. operculella has been predicted under projected changes in global temperature for the year 2050 based on downscaled climate-change data of the A1B scenario (IPCC 2007 ) from the WorldClim database described by Govindasamy et al. (2003) using the pests' temperaturedependent phenology model developed by Sporleder et al. (2004) . According to this study, the P. operculella damage potential will progressively increase in all regions where the pest already prevails today, with (1) a major increase in warmer cropping regions of the tropics and subtropics; (2) a range expansion in temperate regions of the northern hemisphere in Asia, North America, and Europe with a moderate increase of its damage potential; and (3) a range expansion in tropical temperate mountainous regions with a moderate increase of its damage potential ). Specifically, the study projected for the Andean region of Bolivia, Ecuador, and Peru, that the pest will expand its range by an additional 44,281 ha, 9,569 ha, and 39,646 ha of the potato production area leading to a total change of establishment in these countries from 50.0% to 84.7%, 69.9% to 85.9%, and 42.5% to 58.5%, respectively. Likewise, climate change will increase the pest damage potential in these countries. Under the current climatic conditions P. operculella produces >4 generations in 29% of the total potato production area in the Andean countries from Venezuela to Bolivia. Predictions for the year 2050 indicate that this area may potentially expand to 46.6% with additional affected areas of 38,032 ha having between 4 and 6 generations, and 72,148 ha having severe infestations of >7-15 generations. Thus, these modeling studies clearly demonstrated the adaptation of P. operculella to warmer climates which will lead to an increase of its population and damage potential in all potato growing regions globally.
In comparison, the leafminer fly, L. huidobrensis, is much less adapted to warmer climates and climate change will differently affect this species. Global predictions clearly indicate a slight to moderate decrease in the establishment potential of the pest in most of the tropical and subtropical potato production areas, but still with high pest risks. Further, a range expansion into temperate regions in the northern hemisphere in Asia, North and South America, and Europe, as well as into subtropical mountainous regions, is expected, with a moderate increase of its establishment and damage potential . For the Mantaro valley in Peru, the model predicts an expansion of the pest from currently 3,000 -3,500 m.a.s.l. to higher altitudes of 3,800 m.a.s.l. with an essential increase of the number of generations and impact of diseases under contemporary and projected climate and (2) build disease risk maps which provide general evaluations of the value of host resistance across a region, thus facilitating risk and impact assessment. Finally, pest phenology models developed with support of the Insect Life Cycle Modeling (ILCYM) software permitted (1) a better prediction, evaluation and understanding of the pest's population dynamics in agroecosystems under a variety of environmental conditions and (2) mapping their risks on global and regional scales including the Andes under current and future predicted climate change scenarios.
All these tools, taken together, are already contributing to a better description and understanding of the impact of climate change on potato cultivation in its center of origin. New knowledge and understanding of changes in pest expansion and abundance will ultimately support the preparedness of national programs and potato farmers to use appropriate technologies and integrated pest management (IPM) to adapt to these changes. Foreknowledge on how all these factors affect yield can be useful in designing adaptation measures that will contribute to construct knowledge-based climate resilient potato-based farming systems in a region of high climatic variability and change.
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